Physiological and histochemical studies have recently supported the notion that nitric oxide (NO) is the transduction signal responsible for the non-adrenergic, non-cholinergic relaxation of the vasculature as well as the airways of the mammalian lung. We report the presence of immunoreactivity to NO synthase (NOS) in nerve cell bodies and nerve fibres in the neural plexus of the buccal cavity and lungs of the frog, Rana temporaria, using the indirect immunocytochemical technique of avidin-biotin and the NADPH-diaphorase technique. The neural ganglia located next to the muscle layer and within the connective tissue of the buccal cavity were partially immunoreactive for NOS. In the lungs, NOS immunoreactivity occurred in nerve cell bodies, as well as in both myelinated and unmyelinated nerve fibres. Fine nerve fibres immnnoreactive to NOS were observed within the muscle fibre bundles and next to the respiratory epithelium. Both the presence of NOS immunoreactivity and the positive histochemical reaction for NADPH-diaphorase in the neural plexus of amphibian respiratory tract suggests a broad evolutionary role for NO as a peripheral neurotransmitter.
Introduction
Nitric oxide (NO) is now known to be responsible for the biological activity of endothelium-derived relaxing factor (EDRF) (Moncada et al., 1991) . Nitric oxide is also a novel neuronal messenger (Knowles et al., 1989; Bredt et al., 1990; Garthwaite, 1991) identified in the peripheral and central nervous system. NO is synthesized from L-arginine by a family of enzymes, the NO synthases, of which three types have been identified: the neuronal (nNOS), the endothelial (eNOS) and the immunologically-activated enzyme (iNOS). Currently there are antibodies to these isoenzymes which have been utilized for the immunohistochemical study of their distribution in many different tissues and species.
Recently, a neuronal sub-population immunoreactive to an NO synthase antibody raised against the rat brain NO synthase, has been identified both in the myenteric and respiratory neural plexi of several mammalian species including man Llewellyn-Smith et al., 1992; Saffrey et al., 1992; Ward et al., 1992; Dfaz de Rada et al., 1993; Timmermans et al., 1994) . Such immunoreactivity has also been reported in the neurons of the gastrointestinal tract of amphibians, such as Bufo marinus (Li et at., 1992 (Li et at., , 1993 Murphy et al., 1994) .
The aim of the present work was to determine, by means of specific immunocytochemical techniques, whether NO synthase is also present in the neural plexus of the respiratory tract in amphibians.
Materials and methods
Six adult frogs (Rana temporaria) were killed by decapitation and the respiratory system dissected. The material was fixed in Bouin's fluid for 24 h, dehydrated, embedded in paraffin wax, and 3 t~m-thick sections were cut. For general histological study, sections were stained with Haematoxylin and Eosin and Masson's trichrome.
Immunocytochemical technique
The presence of NO synthase, peptide histidine-isoleucine (PHI) and vasoactive intestinal polypeptide (VIP) was investigated in both random and serial adjacent paraffin sections of amphibian respiratory tract. The indirect immunocytochemical technique using avidin-biotin described by Hsu et aI. (1981) was used. Endogenous peroxidase was blocked by exposure to 0.3% hydrogen peroxide in methanol for 30 min, and non-specific immunoreactivity was blocked with normal swine serum for 30 min at room temperature. Sections were then incubated with one of the primary antisera at optimal working dilution. This primary incubation was performed overnight at 4~ in a moist chamber. After thorough rinsing with 50 mM TRIS buffer 0.5 M saline pH 7.36 (TBS), secondary antiserum (biotinylated swine anti-rabbit immunoglobulins, 1:200; Dakopatts, Glostrup, Denmark, code E353) was applied for 30 min at room temperature. Sections were washed with TBS, and then avidin-biotin peroxidase complex solution (ABComplex, 1:100; Dakopatts, code K355) was applied for 30 min. Immunoreacted sections were washed in TBS and the peroxidase reaction was developed with nickel enhancement (Shu et al., 1988) . Some sections were counterstained with Harris's Haematoxylin for 10 s. Primary and secondary antibodies, and the ABC complexes, were diluted in TBS.
A specific polyclonal antibody against rat nNOS (ref. no. p53) was used. It was raised in rabbits against a synthetic peptide (Riveros- Moreno et al., 1993) selected from the deduced rat enzyme sequence. The primary antisera directed against PHI (Hammersmith Hospital ref. no. HH938) and VIP (ref. no HH128, HH652 and HH925) were kindly supplied by Professor J. Polak, of the Royal Postgraduate Medical School, Hammersmith Hospital, London, UK. The optimal working dilution for all antisera was 1:1000. The total number of immunostained sections studied was 30 for NOS, 18 for PHI and 40 for VIP. The specificity of the antisera that gave positive immunoreactivity was confirmed by absorption tests carried out on adjacent sections. Prior to the incubation of the sections, each antiserum was absorbed overnight at 4~ with 1 nmol of its respective antigen per millilitre of optimally diluted antiserum. Other imrnunocytochemical controls included the use of normal rabbit serum, diluted 1:20, instead of the primary antiserum and positive controls with mammalian respiratory and gastrointestinal tract.
NADPH-diaphorase staining
The NADPH-diaphorase technique (Dawson et al., 1991) was applied in toto to frog lungs. The lungs were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.2) for 30 min and permeabilized with 0.3% Triton X-100 (Sigma T-6878, St Louis, USA) in PBS for 10 min. The lungs were incubated in PBS containing 1 mg m1-1 ~-NADPH (Fluka 93220, Switzerland) and 2 ~g m1-1 of Nitroblue tetrazolium (Boehringer 1175041, Mannheim, Germany) for 30-90 min at 37~ After a thorough rinse in PBS the sections were mounted in PBS-glycerol (1:1 v/v).
Results
The respiratory system of Rana temporaria consists of the buccal cavity, connected through the glottis to the larynx. This is supported by the cartilagi arytenoidea and cricoidea and connected directly to both lungs (Fig. 1) . The wall of the buccal cavity is formed by a thick layer of dense connective tissue ( Fig. 2A) , surrounded by a layer of smooth and/or striated muscle cells (Fig. 2B ). It is lined by a columnar pseudostratified epithelium ( Fig. 2A) and it contains the salivary glands (Fig. 5) .
Like other anuran species, the lungs of Rana temporaria are simple, with a sac-like structure. The interior of each lung is divided by connective septa into 'alveolar sacs' (Figs 1, 3) . The inner core of the septum wall is composed of connective tissue and smooth muscle cells. Both sides of this central region are occupied by a capillary network covered by the respiratory epithelium. The apical portions of septa are widened by the presence of smooth muscle bundles.
A well-developed neural plexus was found throughout the whole respiratory tract, especially in the lung and, to a lesser extent, in the buccal cavity. In addition to myelinated and unmyelinated nerve fibre bundles, microganglia were observed in both regions. The neural plexus was present within the connective tissue ( Fig. 2A) and next to the muscle layer (Fig. 2B ) in the buccal cavity and within pulmonary wall and septa (Fig. 3) .
NOS immunoreactivity was observed in nerve cell bodies and nerves throughout the frog respiratory tract. In the buccal cavity (Figs 4-8), both NOS-positive (around 90% of the total number) and negative neurons were found. In contrast, most if not all the neurons of the pulmonary plexus seem to contain NOS, since non-immunoreactive neurons were never found in the sections studied (Figs 9, 10) . Nerve cell Fig. 1 . Panoramic view of the respiratory tract of the frog, Rana temporaria, consisting of buccal cavity (BC), glottis (G), larynx (L) and lungs (I). The larynx is supported by cartilage (C) and it contains the vocal cords (asterisk). The connective septa arising from the wall (w) of the lung are widened by smooth muscle bundles located at their apical end (arrows). a = alveolar sacs. Bar = wall of the buccal cavity. ABC technique, x 15. Fig. 2 . The wall of the buccal cavity consists of epithelium (E), connective tissue (C) and a muscle layer (M). A nerve plexus is present both within the connective (A, asterisk) and next to muscle layers (B, asterisk). Some nerve cell bodies are observed (arrows). When applying ABC techniques (B), NO synthase immunoreactive nerve cell bodies (arrow) and nerve fibres (thin arrows), were found, m = melanin. A: Haematoxylin-Eosin, x150; B: x150. Fig. 3 . A well-developed nervous plexus (n) extends throughout the pulmonary wall (w) and septa (s). a = alveolar sacs. Masson trichrome, x 150. Fig. 4 . Microganglion of the buccal cavity neural plexus containing two nerve cell bodies (arrows). One of them (right) was NO synthase-immnnoreactive. M = muscle layer; m = melanin. ABC technique, x 650. bodies stained with different degrees of intensity (Figs 7, 8) . When immunostaining was light, a patched pattern was especially obvious (Fig. 7B) .
In the buccal cavity, NOS-immunoreactive neurons were present both within the connective subepithelial layer (Fig. 5) and next to the muscle cells (Figs 2B, 4 and 7). Nerve fibre bundles (and ganglia) of the buccal cavity contained some nerve processes, positive for NO svnthase (Fi~s 2B and 7A).
PHI-immunoreactive nerve fibres were found throughout the buccal cavity wall and in close contact with the smooth muscle bundles of the lung septa. In the intrinsic ganglia of the buccal cavity PHI-immunoreactive fibres were in close contact with some PHInegative nerve cell bodies (Fig. 6B ) that, in adjacent sections, were ilmnunoreactive to NO synthase (Fig.  6A) . No PHI-immunoreactive nerve cell bodies were found in either the buccal cavity or the lunR. No immunoreactivity to VIP either in the buccal cavity or in the lung was found after trying three different antibodies in a total of 40 serial sections of six specimens (data not included). VIP-positive immtmoreactivity was obtained in control mammalian sections.
In the lung, NO synthase-immunoreactive nerve cell bodies were found mainly in the pulmonary wall (Fig.  9) , where most of the lung neuronal ganglia are located. Some pulmonary nerve fibre bundles showed NO synthase-positive immunoreactivity (Figs 10A, 11 and 12) with a few myelinated axons (Fig. 10A) . The muscle bundles of the apical terminal portions of the septa showed fine nerve fibres immunostained for nNOS next to the myocytes (Fig. 11) . Similar fibres were also observed within the pulmonary septa (Fig.  12) . Pre-absorption of the antiserum with the corresponding antigen (synthetic peptide) abolished The absorption of the antibody shows no immunoreaction in a section adjacent to that shown in Fig. 10A . m = melanin. ABC technique, x650. Fig. 11 . Abundant smooth muscle cells extend throughout the pulmonary septa at the apical portion. An isolated NO synthaseimmunoreactive nerve fibre (arrow) extends along the muscle bundle among the myocites, e = respiratory epithelium. ABC technique, x650. immunostaining ( Figs 10B and 12B) . The NADPHdiaphorase histochemical technique also gave positive results in the pulmonary nervous plexus (Fig. 13) . In some specimens, a positive immunostaining for NOS was found in the cytoplasm of some but not all the red blood cells (Fig. 9 ).
Discussion
This study shows that most of the neurons of the ganglia present in the respiratory system of the frog Rana temporaria are immunoreactive to antibodies raised against the neural constitutive form of mammalian NO synthase. The detection of NADPHdiaphorase, an enzymatic activity usually displayed by neuronal constitutive NOS (Hope et al., 1991; Dawson et al., 1991) , gives further support for the presence of this enzyme in the neurons of the frog respiratory tract.
The neurons present in the microganglia of the wall of both the buccal cavity and lung showed variable immunoreactivity. The patched pattern observed in many NOS-immunoreactive nerve cell bodies, specially in those with a light reaction, seems to parallel the classic topography of Nissl bodies, in which both free and membrane-bound ribosomes concentrate in neurons. Although a sub-cellular study or in situ hybridization will be required to confirm this observation, patchy images may reflect actual synthesis of NOS by frog lung neurons. Nerve bundles were found to be formed by both positive and negative fibres for nNOS.
The possible role of NO as a neurotransmitter in the gut of amphibians has already been suggested by Li et al. (1992) , who described the presence of NOS immunoreactivity in some neurons of the myenteric plexus of Bufo marinus. While only some of the neurons in human and pig respiratory tract seem to express NO synthase (Dfaz de Rada et al., 1993) , all the neurons observed in the ganglionated plexus of the lung in the frog Rana temporaria contain NO synthase-immunoreactivity. In anurans, the major inhibitory fibres innervating the smooth muscle of the septa and lung wall have been described previously as non-adrenergic, non-cholinergic (NANC) (Campbell, 1971a, b; Campbell & Duxson, 1978; Holmgren & Campbell, 1978) .
In addition to NO, vasoactive intestinal peptide (VIP) and peptide histidine isoleucine (PHI) have been suggested to be responsible for NANC relaxation in several mammalian species (Kummer et al., 1992) . In the amphibian intestine, a partial co-localization of VIP and NO synthase has been reported both in nerve fibres and cell bodies of the myenteric plexus (Li et al., 1993) . However, in the lung of amphibians, NO and, to a lesser extent, PHI, seem to be the only candidates for NANC neurotransmission. In the respiratory system of Rana temporaria some PHI-immunoreactive nerve fibres, but not nerve cell bodies, were present. Moreover, we have been unable to show VIP-immunoreactivity, using specific antibodies from different sources, in the neural plexus of the lung in Rana temporaria. The same antibodies show immunoreactive nerves in the lung of Bufo bufo (our unpublished results). In a thorough immunocytochemical survey of the lung of six different amphibian species, no VIP immunoreactivity was found either in nerve fibres or in nerve cell bodies (Cutz et al., 1986) .
We have demonstrated that neurons in the respiratory tract of the frog are immunoreactive for the constitutive form of mammalian nNOS. The complete abolition of immunoreactivity from nerve cell bodies and nerve fibres after absorption of antibodies with antigen suggests an immunological similarity between frog and mammalian nNOS. The immunostaining of red blood cells in some specimens studied was also abolished by pre-absorption. The possible meaning of this finding is currently being investigated. The observations reported in the present work, together with other reports on the presence of NO synthase in invertebrates (Elphick et al., 1993a, b; Martinez et al., 1994; Elofsson et al., 1993) indicate a widespread involvement of the NO:L-arginine pathway across different vertebrate and invertebrate phyla.
